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ABSTRACT Cytological observations of animal cell mito-
ses have shown that the onset of anaphase is delayed when
chromosome attachment to the spindle is spontaneously re-
tarded or experimentally interrupted. This report demon-
strates that a centromere DNA (CEN) mutation carried on a
single chromosome can induce a cell cycle delay observed as
retarded mitosis in the yeast Saccharomyces cerevisiae. A
31-base-pair deletion within centromere DNA element II
(CDEU A31) that causes chromosome missegregation in only
1% of cell divisions elicited a dramatic mitotic delay phenotype.
OtherCENDNA mutations, including mutations in centromere
DNA elements I and III, similarly delayed mitosis. Single
division pedigree analysis of strains containing the CDEII A31
CEN mutation indicated that most (and possibly all) cells
experienced delay in each cell cycle and that the delay was not
due to increased chromosome copy number. Furthermore, a
synchronous population of cells containing the CDEII A31
mutation underwent DNA synthesis on schedule with wild-type
kinetics, but subsequently exhibited late chromosomal separa-
tion and concomitant late cell separation. We speculate that this
delay in cell cycle progression before the onset of anaphase
provides a mechanism for the stabilization of chromosomes
with defective kinetochore structure. Further, we suggest that
the delay may be mediated by surveillance at a cell cycle
checkpoint that monitors the completion of chromosomal at-
tachment to the spindle.

The mitotic chromosome cycle requires the execution of
processes that ensure the accurate maintenance, replication,
and segregation of eukaryotic chromosomes. The individual
steps are temporally ordered and coordinated with other
events in the cell cycle to permit effective cellular reproduc-
tion. There is strong evidence in several eukaryotic species
for the dependence of later events on the completion of prior
ones (reviewed in ref. 1), including those monitored by
surveillance systems at cell cycle "checkpoints" ensuring
the faithful execution of early events before late processes
are initiated. Work characterizing the RAD9 gene of Saccha-
romyces cerevisiae (1-3), which is required for the cell cycle
delay observed in response to DNA damage, has provided
the first and most thoroughly described example of a gene
required for checkpoint control of cell cycle progression.
Several other examples of genetic loci with properties pre-
dicted for functions controlling cell cycle progression at
surveillance checkpoints have been recently described in
budding yeast (4-7). In theory, checkpoint control processes
may exert their effects via interaction with the p34 kinase-
related signaling pathway governing cell cycle progression
(reviewed in ref. 8), in a manner similar to the mechanisms
proposed for FAR] or FUS3 in the cell cycle arrest observed
in response to mating pheromone (4, 5).

Published cytological observations of animal cell mitoses
have implied a connection between the time when all meta-
phase chromosomes achieve bipolar attachment on the spin-
dle and the onset of anaphase. In these experiments, the
spontaneous occurrence of chromosomes retarded in spindle
attachment (9), or the experimental interruption of attach-
ment (10, 11), results in a delay before the onset of anaphase.
It has been suggested (1) that the anaphase delay exhibited by
animal cells in response to a chromosome's failure in spindle
attachment may indicate that the process of kinetochore/
microtubule association is similarly governed by a surveil-
lance system.
Although the characteristic trilaminate structures forming

the spindle attachment site observed in most eukaryotes (12)
have not been visualized in the yeast S. cerevisiae, its
chromosomes are segregated on a microtubule-based spindle
(13) that interacts with the chromosomes via a specific
centromeric DNA (CEN) sequence (reviewed in ref. 14).
Structural and functional analysis of CEN DNA from this
yeast has identified conserved centromere DNA sequence
elements (CDEs; see Fig. 1) within a 125-base-pair segment.
Furthermore, the chromosome stability phenotypes of over
50 CEN DNA mutations have been characterized, with
effects on chromosome transmission fidelity ranging from
unaffected to highly defective (14). In the present work, a
subset of these defined centromere DNA mutations is used to
test the effects of impaired function of the centromeric DNA
and its associated proteins on cell cycle progression. We find
that centromere DNA mutations induce a delay near the
metaphase/anaphase transition and suggest that this delay
may be mediated by a surveillance system that monitors the
completion of chromosomal attachment to the spindle.

MATERIALS AND METHODS
Yeast Strains and Culture Media. All yeast strains em-

ployed were near-isogenic relatives, derived from a common
genetic background by DNA-mediated transformation and
crosses involving only transformed relatives. The wild-type
and mutant CENDNA sequences tested for cell cycle effects
were present on either a nonessential disomy for the left arm
of chromosome III (15), referred to as a chromosome frag-
ment (CF), or on a yeast artificial chromosome (YAC) as
shown in Fig. 1. Experimental and control strains (most of
which have been described; refs. 16-19) differed only at the
CF CEN6 sequence. Full genotypes are available upon
request. Yeast media were prepared as described (20), and
cultures were maintained at 30'C.

Morphological Screen of Fixed Populations. Yeast strains
were grown under selection for the CF in minimal medium
lacking uracil. Cells in logarithmic growth (0.5-2.0 x 106 per
ml) were fixed by addition of 1/10th volume of 37% formal-

Abbreviations: CF, chromosome fragment; CDE, centromere DNA
element; YAC, yeast artificial chromosome; DAPI, 4',6-diamidino-
2-phenylindole.
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FIG. 1. (A) Yeast CEN6 (15) showing CDEI, CDEII, and CDEIII
drawn to scale (reviewed in ref. 14). The wild-type CEN6 DNA
sequences of CDEI and CDEIII are shown. Stars mark the positions
of base substitutions in the mutants shown in Fig. 3. (B) Structures
of the test chromosomes. Inclusion of the SUP)) gene on the CFs
allowed the use of a colony color assay for visual monitoring of CF
stability and copy number (16). kb, kilobases.

dehyde (Sigma) to the culture medium. After 2 hr at room
temperature, the cells were washed twice in SK (1 M sorbi-
tol/50 mM potassium phosphate, pH 7.5). Samples were
treated with zymolyase (100,000 lytic units/g; ICN) at 3
,ug/ml in SK for 10 min at room temperature, washed twice
in SK, and stained with 4',6-diamidino-2-phenylindole
(DAPI; Sigma) at 300 ng/ml in SK.
The bud size (phase optics) and the number and location of

the chromosomal DNA masses (DAPI fluorescence) were
determined for each cell. Fixed samples were scored without
knowledge ofthe particular CENDNA mutation present. The
relative bud size was determined by estimating a diameter
ratio (the ratio of the diameter of the smaller spheroid to the
diameter of the larger spheroid). The very large budded,
uninucleate class (see Fig. 2) was defined as those cells with
a diameter ratio of >0.75 and with a single DAPI staining
region located entirely within the neck proximal hemisphere.
Precision and accuracy of the visual estimations were deter-
mined by photography using two methods. In the first, a
random sample of fixed cells from YPH631 (a yeast strain
containing a CF with CDEII A31 CEN6) was photographed,
the scored class was identified by visual inspection, and then
spheroid diameters were measured. Eighteen cells out of 206
(8.7%) were scored positive by visual estimate, with an
average diameter ratio of 0.8 (range of 0.8-1.0). In the
second, individual cells of the scored class were photo-
graphed at higher magnification for more precise measure-
ment of sphere diameters. In a sample of 38, the mean sphere
diameter ratio + SD was 0.85 + 0.08 (range 0.69-1.0),
including only three false positives (one with a ratio of 0.69
and two with a ratio of 0.71).

Several control strains containing CFs with wild-type
CEN6 alleles but differing in auxotrophic markers were
characterized (YPH816, YPH281, and YPH817). No signif-
icant difference in the frequency of very large budded,
uninucleate cells was observed.

Viable Cell Characterization at Cell Separation. Yeast in
logarithmic growth in liquid minimal medium without uracil
(selecting for the CF) were transferred to solid rich medium
(with no selection), and cells with small buds were micro-
manipulated to defined positions by using a glass needle (as
in ref. 21). Each cell was checked for mother-bud separation
every 30 min (room temperature) by micromanipulation. At

cell separation, the relative sizes of the two cells were
characterized as a spheroid diameter ratio. The products of
the scored cell division were left in defined positions and
allowed to form colonies. Two rare classes of cell divisions
were omitted from the data: (i) the case in which one or both
daughter cells failed to form a colony, and (ii) the case in
which the observed division probably took place in the
absence ofaCF (neither mother nor daughter inherited a CF).

Characterization of Cell Cycle Progression in Synchronous
Populations. Exponential phase yeast (-2.5 x 106 cells per
ml) cultured in minimal medium lacking uracil were pelleted
in a brief centrifugation and resuspended in yeast extract/
peptone/dextrose at a similar density. After a 2-hr culture,
haploid MATa cells were arrested in G1 by addition of a
mating pheromone (final concentration of 3 ,uM; Sigma). Two
hours postaddition, cells were released by return to fresh
yeast extract/peptone/dextrose. Aliquots taken every 5 or 10
min were fixed by addition of 1/10th volume of 37% formal-
dehyde (Sigma) directly to the culture medium and overnight
incubation at room temperature. Cell samples were prepared
for flow cytometry (22). DNA content profiles of propidium
iodide-stained samples were obtained using a Coulter EPICS
flow cytometer, and cellular nuclear morphology was deter-
mined by using simultaneous epifluorescence and phase
microscopy.

RESULTS
We have characterized a series of yeast strains that contain
CENDNA mutations partially disrupting chromosome trans-
mission fidelity for the presence of cell cycle alterations. The
test chromosome in this panel of strains is a CF, an inde-
pendently segregating linkage group that is not essential for
viability on nonselective medium (16). The CF diagrammed
in Fig. 1 is maintained (15) with mitotic stability (1 loss per 2
x 104 divisions) that approaches that of yeast natural chro-
mosome III (1 loss per 105 divisions; refs. 23 and 24).
Replacement of the wild-type CEN DNA with mutant CEN
DNAs results in an otherwise isogenic series of strains well
suited for describing the effects of CEN DNA structural
alterations (and hence kinetochore defects) on progression
through the cell cycle.

Cell Cycle Alteration in Logarithmic Populations. A mor-
phological screen for altered cell cycle progression was
employed in the characterization ofyeast strains carrying one
mutant centromere on a CF. Yeast in logarithmic growth
were fixed in formaldehyde and stained with the DNA-
binding dye DAPI. Samples were scored for the frequency of
morphological classes based on bud size, nuclear number,
and nuclear location. An alteration in the cell cycle of some
mutant strains was observed as an accumulation of cells with
very large buds and an undivided nucleus at the neck (Fig. 2).
This cellular morphology is typical of temperature-sensitive
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FIG. 2. (A) The predominant post-
anaphase morphology seen in control
strains. (B) The mitotic delay mor-
phology, in which the bud diameter is
unusually large though anaphase sep-
aration, has not occurred (magnifica-
tion identical to that in A). (C) The
scoring criteria included a require-
ment for (i) nucleus at the neck (when
the DAPI staining region was entirely
within the neck proximal 50%1), and
(ii) very large bud morphology (when
X > 0.75 Y).
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mutants that exhibit a homogeneous arrest in G2 or early M
(some of the cdc mutants; ref. 25), reflecting cytoplasmic
growth that has advanced beyond the stage normally
achieved at the time of nuclear division. The observation of
similar abnormally large budded, uninucleate cells in loga-
rithmically growing populations suggests that nuclear events
in some (or all) cells are occurring behind schedule, and the
cell cycle alteration is revealed as delayed mitosis. We will
hereafter refer to this as a "mitotic delay" morphology, an
interpretation supported by flow cytometry of synchronous
cell populations (see below).

Quantitative experimental results for the panel of strains
are summarized in Fig. 3. The uninucleate, very large budded
morphology is observed in 1% of cells in a control strain in
which the CF carries a wild-type CEN. The strongest cell
cycle alteration is seen in the yeast strain harboring CDEII
A31 (a 31-base-pair deletion within CDEII; ref. 38). This
strain exhibits an 8-fold increase in the number of mitotically
delayed cells within a logarithmic culture: 1 in 12 cells
exhibits the mitotic delay morphology in the presence of this
CENDNA mutation, in contrast to 1 in 100 cells of the control
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FIG. 3. The mitotic delay observed in the presence of various

CEN6 mutations is shown. The control strain (open bar) contained
a CF carrying a wild-type CEN6. Strains with the 2-,um plasmids
YEp24 and pRS426 (solid bars) were included to measure the effect
of auxotrophic starvation. The remaining strains each harbor a CF
with the indicated CEN6 mutation. Fold increase = % mitotic delay
class in the experimental strain/% mitotic delay class in the control
strain. The observed frequency in the presence of wild-type CEN6
was 1.2% + 0.5% (± SD with 12 df); error bars show the range
observed in 13 measurements. For data from strains containing the
CEN mutations, the error bars (on the arithmetic mean) indicate the
range observed for determinations made in triplicate; other data
points represent single measurements. The minimum sample size per
measurement was 800 cells.
a Data are the average of two determinations for the frequency of
uracil auxotrophs in selective culture; values <1% have been
omitted.

b Loss rate is shown as events per 1000 divisions (from refs. 15 and
16).

culture. Additional centromere mutations with clearly signif-
icant effects include CDEII +86bp (tandem duplication of
CDEII), CDEIII 15T and CDEIII 15C (nucleotide substitu-
tions at position 15 of CDEIII), and CDEI A (CDEI deletion).
Other centromere mutations tested do not exhibit clearly
detectable delays by this assay.
To maximize the number of cells in culture containing the

mutant centromere, all yeast strains in the above experiments
were grown in medium selecting for the CF marker conferring
uracil prototrophy. It was possible that the accumulated class
represented the uracil-starved auxotrophs that had lost the
CF. The contribution of starving cells was addressed by
characterization of yeast strains containing URA3-marked
2-gm plasmids [YEp24 (26) or pRS426 (27)]. The frequency
of uracil-starved cells in these 2-pum containing strains was
similar to that observed in strains containing the most un-
stable CF tested (Fig. 3), yet the frequency of very large
budded, uninucleate cells is equivalent to that seen in the
presence of the CF with wild-type CEN6.
Delay Associated with the Mutant CEN. The mitotic delay

phenotype has been characterized in a series of otherwise
isogenic yeast strains that carry a single extra chromosome
whose CEN DNA has been mutated. Thus, the cell cycle
delay is formally due to the alteration in the CEN DNA and
presumably due to the defective assembly or function of the
kinetochore proteins assembled on the mutant site. How-
ever, a potential caveat to this interpretation stems from the
possible accumulation of CFs with mutant CEN DNAs by
nondisjunction. If this occurs, the cell cycle alteration could
be due to an increase in copy number of any sequence on the
CF.

Direct experimental evidence that the delay is due to the
presence of the mutant CEN itself was obtained by charac-
terizing the effect of CEN6 CDEII A31 on a YAC. The
structure of this YAC (Fig. 1) is such that the yeast chromo-
some III long arm of the CF is replaced with anonymous
human DNA, and the SUPJJ gene has been deleted from the
short arm. The YAC retains use of the URA3 prototrophic
marker for selection, already well characterized in the 2-,um
experiment. Very large budded, uninucleate cells were ob-
served at a frequency 6.6-fold higher in the presence ofCEN6
CDEII A31 (9.9o in YPH815) than in the presence of a
wild-type CEN6 (1.5% in YPH814). Generalizing from these
results, we conclude that the mitotic delay is due to the
presence of the CEN DNA mutation itself.

Cell Cycle Alteration in Individual Cell Cycles. The data
from fixed logarithmic phase populations demonstrate the
existence ofa cell cycle delay but do not distinguish between
a small alteration exhibited by all cells, a longer delay
exhibited by a rare subpopulation of cells, or an intermediate
condition. To address this issue, budded cells were micro-
manipulated to defined positions on rich solid media, and
relative cell size at separation was noted for a large number
of individual cell divisions. This provided direct quantitation
of the proportion of cells that delay sufficiently to produce
very large budded cells (bud diameter .three-fourths that of
the mother) before separation.

In general, at cell separation in the control, the daughter
cell was released as a smaller spheroid, with a diameter
usually less than three-fourths that of the mother (Table 1).
Yeast strains containing CEN mutants exhibiting a delay in
the fixed cell morphological screen also show a delay in this
assay (CDEII A31, CDEIII 15T, and CDEII +86bp) and
appear to delay in the same affected order. One CEN mutant
(CDEII +45bp) with no (or slight) effect in the fixed cell
morphological screen exhibited the very large bud class at a
frequency indistinguishable from the control. Forone mutant
(CDEII A31), a segregant lacking the CF served as a control,
demonstrating the dependence ofvery large bud formation on
the presence of the CF.

Proc. Natl. Acad Sci. USA 89 (1992)



Proc. Natl. Acad. Sci. USA 89 (1992) 8911

Table 1. Relative bud size in individual mitoses

CF CEN Diameter Diameter
Strain allele n ratio s0.75 ratio >0.75

YF144 Wild type 131 0.92 0.08
YF144R* No CF 94 0.95 0.05
YPH631 CDEII A31bp 124 0.41 0.59
YPH631R* No CF 86 0.95 0.05
YPH630 CDEII +45bp 89 0.91 0.09
YPH773 CDEII +86bp 45 0.80 0.20
YPH291 CDEIII 15T 71 0.73 0.27

n, number of divisions monitored. The values given in columns 4
and 5 are the fraction of daughter cells with a diameter ratio sO.75
or >0.75, respectively.
*YF144R and YPH631R are mitotic segregants lacking the CF,
derived from single colonies of strains YF144 and YPH631, respec-
tively.

In yeast containing CDEII A31, the bud achieves an
increased diameter detected by the assay limit in over half of
all divisions. This observation leads to two important con-
clusions. First, cells that achieve very large bud size in
culture are undergoing productive cell cycles and do not
represent terminal events. Second, in the presence of CDEII
A31, most (and possibly all) cells experience delay in each
cycle. This latter conclusion supports the argument that the
delay cannot be attributed to an increase in CF number (only
5-10% of the cells containing CDEII A31 have 22 CFs).

Cell Cycle Alteration in Synchronous Populations. The
advanced bud growth observed in fixed cell populations, and
in viable cells at separation, strongly suggests that the
progress of nuclear events lags behind that of cytoplasmic
events. However, these observations alone do not address
the issue ofwhen in the cell cycle the nucleus falls behind the
cytoplasm. Because most cells containing CDEII A31 un-
dergo delay, we chose to monitor the nuclear cycle in a cell
population synchronized by release after mating pheromone-
induced arrest in G1.

Aliquots taken after release from a factor arrest in the G,
phase ofthe cell cycle were subjected to flow cytometry (Fig.
4) and morphological analysis (Fig. 5). The flow cytometric
histogram profiles (Fig. 4A) for the experimental (YPH429,
with CEN6 CDEII A31) and control (YPH427, with wild-type
CEN6) strains were virtually identical at arrest and at early
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times after release through the period in which DNA syn-
thesis occurred. The profiles became visibly different at
about 95 min postrelease, at which time the production of G1
cells by cell division clearly occurred later in the presence of
CDEII A31. A simple plot of the average DNA content per
cell (Fig. 4B) graphically demonstrates this delay and indi-
cates a decrease in synchrony by the second cell cycle within
the CEN mutant-containing strain. We conclude that, in the
presence of CDEII A31, progress is phenotypically normal
with respect to bulk DNA synthesis through S phase and that
a delay is revealed between late S phase and cell separation.

Morphological characterization of these same synchro-
nous samples was performed (Fig. 5). Each cell was scored
in one of three categories: cells with one roughly spherical
nucleus (regardless of bud morphology), cells with an elon-
gate nucleus (i.e., cells in mitosis), and cells with two nuclei
(after chromosome separation). Cell cycle progress by these
measures also exhibits a delay. The decay in the frequency of
cells with one nucleus occurs later in the presence of the
CDEII A31 mutation, as does the appearance ofcells with one
elongate nucleus or two nuclei. Taken together with the flow
cytometry profiles, these data delimit the appearance of the
delay to a time between late S phase and chromosome
separation in mitosis. Furthermore, an average duration of
the delay can be estimated from the difference in the times at
which cells in mitosis appear as the separation between the
peak frequencies of cells with elongated nuclei (Fig. 4B). This
difference is :a10 min, which indicates a delay representing
about 10% of the normal cell cycle.

DISCUSSION
These data identify a cellular response to the presence of a
CEN DNA lesion carried by a single chromosome in yeast.
Previous studies have raised the possibility that centromere
sequences may have deleterious effects on growth when
present at high copy number (refs. 28 and 29, but see ref. 30),
on dicentric chromosomes (31-33), or on linear minichromo-
somes (39). In contrast, this study identifies a delay-inducing
potential of mutant centromere DNA sequences in an exper-
imental system in which each tested mutant centromere is
present at single copy on a chromosome demonstrated to

Cell Biology: Spencer and Hieter
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contain all other structural requirements for stable transmis-
sion. It is important to note that the primary cause of the
delay (the "execution point" ofthe defect; ref. 25) may occur
prior to its appearance, but must occur before nuclear
separation. The dependence on the presence of CEN DNA
lesions, and occurrence between late S phase and chromo-
some separation, strongly favors a model in which the
primary cause of the delay is misassembly of kinetochore
proteins and ensuing defective spindle attachment.

It is possible that the mitotic delay serves to stabilize
chromosomes with mutant centromeres. The presence of a
stabilizing function for chromosomes with abnormal kineto-
chores would have consequences for interpretation of mitotic
instability phenotypes engendered by CEN DNA mutants;
some potential loss events may be remedied by a delay prior
to the onset of anaphase. The observations reported here do
not define a functional relationship between the delay and
chromosome stability, but do indirectly address the issue. We
note that the marker chromosome containing the CEN6
CDEII A31 mutation will undergo mitotic loss in only 1 of 100
cell divisions (15), whereas a majority (>50%) of cell cycles
exhibit delay in the presence of this CEN mutant. This
observation is inconsistent with models in which delay occurs
only in those cell cycles that will fail in proper segregation of
the mutant centromere. We also observe that the magnitude
of centromere defect as measured by mitotic instability does
not relate in linear fashion with the magnitude of delay. For
example, CDEII A31 causes a 50-fold increase in missegre-
gation and shows an 8-fold increase in very large budded,
uninucleate cells, whereas CDEIII 15T causes a 500-fold
increase in missegregation and shows a 5-fold increase in
very large budded, uninucleate cells. Thus, the delay-
inducing potential of a kinetochore abnormality is not a
simple function of its chromosome segregation defect.

It is remarkable that a single mutant CEN, in the presence
of 32 normal centromeres on the natural chromosomes, can
lead to a mitotic delay. In theory, the delay might be due to
a structural defect that slows the progress of a rate-limiting
step in the required series of nuclear events or to the action
of an extrinsic surveillance system that monitors the com-
pletion of some processes at a checkpoint before allowing the
initiation of subsequent events (1). Characterization of the
gene products required for this delay will address this ques-
tion. Several genetic loci have recently been identified (6, 7)
in yeast for their inability to cause arrest or delay in the
presence of microtubule-destabilizing drugs and provide ex-
cellent candidates for mutants involved in spindle surveil-
lance.
The similarity- between the delay observed in response to

an unattached chromosome during prometaphase spindle
attachment in animal cells and this phenomenon in yeast is
provocative. While the cytological description of the behav-
ior of chromosomes throughout the cell cycle is vastly
superior in animal systems, the observation of similar phe-
nomena in yeast opens avenues to efficient molecular genetic
approaches. The structure and function of the yeast kineto-
chore (CEN DNA sequence and associated proteins) is
currently the subject of intensive investigation in many
laboratories (34-37, 40, 41). Moreover, the identification of
mutant yeast defective in the cellular response to CEN DNA
lesions should lead to the characterization of proteins in-
volved in controlling the progress of events occurring at the
kinetochore. Ifthese controlling functions are well conserved
in evolution, study of the yeast gene products may in the
future provide reagents for the molecular analysis of cyto-
logical phenomena observed in animal cells. It is possible that
loss of temporal controls governing events at the kinetochore
may contribute to karyotypic instability, resulting in aneu-
ploidy-associated cellular defects and organismal disease
states.
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